As one of three akt isoforms, akt2 plays a key role in the regulation of widely divergent cellular processes in mammals. However, its role and underlying mechanisms in zebrafish remain largely unknown. To elucidate the function of akt2 in zebrafish, we generated zebrafish lacking akt2 gene via CRISPR/Cas9 technology. Akt2-null zebrafish exhibit partial lethality and severe growth deficiency, which is different from those observed in akt2-null mice. Furthermore, akt2-null zebrafish display deficiency in fin ray development, but their cartilage is not affected. Similar to observations in akt2-null mice, akt2-null zebrafish display impaired glucose homeostasis. However, in contrast to that in akt2-null mice, insulin level is lower in akt2-null zebrafish, implicating the symptoms of type I diabetes exhibited in akt2-null zebrafish. In addition, transcriptome analysis reveals that the genes involved in metabolism and osteogenesis are disturbed in akt2-null zebrafish. Taken together, these data not only support an important role of akt2 in zebrafish survival, growth, bone development and glucose homeostasis, but also suggest that akt2 has divergent functions between mice and zebrafish, even though they are evolutionarily conserved.
Introduction
Serine/threonine kinase akt/PKB, as a downstream effector of phosphatidylinositol 3-kinase (PI3K), was first identified as an oncogene, and as a kinase resembling both PKA and PKC (Brazil and Hemmings, 2001; Kandel and Hay, 1999; Lawlor and Alessi, 2001; Staal, 1987) . There are three isoforms of akt (akt1-akt3) encoded by three separate genes in mammals (Vanhaesebroeck and Alessi, 2000) . The three isoforms exhibit N80% amino acid sequence identity and share the same structural organization. Although ak1-akt3 exhibit broad tissue distribution, akt1 is the most ubiquitously expressed in mammalian tissues. Akt2 is also expressed ubiquitously, even though at a relatively low level compared with akt1 (Altomare et al., 1995; Altomare et al., 1998) . Akt3 is expressed at the lowest level in most tissues, except testes and brain (Brodbeck et al., 1999) . All three isoforms have similar biochemical characteristics and substrate specificity, in which phosphorylation of two sites is necessary for full activation (Simpson and Parsons, 2001; Walker et al., 1998) .
In mammals, akt plays a key role in the regulation of widely divergent cellular processes, including glucose homeostasis, survival, differentiation, proliferation, and apoptosis (Brazil and Hemmings, 2001; Lawlor and Alessi, 2001) . Akt isoforms are activated in response to many growth factors, such as insulin and IGF-1 (Brazil and Hemmings, 2001) . Translocation of akt to the plasma membrane through its PH domain (pleckstrin homology) is likely required for its activity, which binds to PI (phosphoinositides) phosphorylated at the D3 position of the inositol ring [PI (3, 4, 5 ) P3], generated by the catalytic subunit of PI3K. Akt is negatively regulated by proteins that antagonize PI3K, such as PTEN, a 3-phosphoinositide phosphatase (Cantley and Neel, 1999; Simpson and Parsons, 2001) .
To understand the physiological function of akt in a mammalian organism, mouse models lacking single akt isoforms have been generated. Akt1-null mice display increased perinatal mortality and apoptosis, reduction in body weight of 20% to 30%, heart defects and abnormal cardiomyocyte proliferation, enlargement of atherosclerotic plaques, and reduced development of pulmonary hypertension (Chang et al., 2010; Chen et al., 2001; Cho et al., 2001b; Fernandez-Hernando et al., 2007; Rotllan et al., 2015; Tang et al., 2015; Yang et al., 2003) . Akt2-null mice display a diabetic phenotype, cardiomyocyte apoptosis in response to ischemic injury, and reduced liver triglycerides when fed with a high-fat diet (Cho et al., 2001a; DeBosch et al., 2006; Garofalo et al., 2003; Leavens et al., 2009; McCurdy and Cartee, 2005) . Akt3-null mice exhibit reduced brain weight, and deficiency in platelet activation and thrombosis (Easton et al., 2005; O'Brien et al., 2011; Tschopp et al., 2005) . Moreover, akt1/akt2 double-knockout mice exhibit severe growth deficiency and die shortly after birth (Peng et al., 2003) . In addition, akt2/akt3 double-knockout mice are glucose-and insulin-tolerant and exhibit a reduction in body weight (Dummler et al., 2006) , and akt1/akt3 double knockout mice die around embryonic day 12 . These data obtained from knockout mice argue strongly for a partially overlapping role of akt isoforms in vivo.
As an insulin-responsive serine/threonine kinase downstream of PI3K, akt is important for insulin-stimulated glucose uptake (Hill et al., 1999; Katome et al., 2003; Kohn et al., 1996) . However, akt isoforms are differentially activated in different insulin-responsive tissues upon insulin stimulation (Walker et al., 1998) . Among the three isoforms of akt, akt2 predominates and is highly activated in insulin-responsive tissues, which plays a key role in insulin-stimulated glucose uptake (Altomare et al., 1995; Bae et al., 2003; Jiang et al., 2003; Kandel and Hay, 1999; Katome et al., 2003; Tang et al., 2015) . As demonstrated in akt2 knockout mice, akt2 deficient-mice exhibit impaired glucose tolerance, reduced insulin-stimulated glucose uptake and calorie restriction, and age-dependent loss of adipose tissue (Cho et al., 2001a; McCurdy and Cartee, 2005; Yang et al., 2003) . These observations raise a potential possibility for revealing the molecular mechanisms of diabetes by akt2-null mouse model.
To further elucidate the physiological function of akt2 in vivo, particularly for understanding the unique role of akt2 in glucose homeostasis by zebrafish model, we knocked-out akt2 in zebrafish via CRISPR/Cas9 technology. Akt2 knockout zebrafish are partially lethal and exhibit reduced size. The most visible phenotype of akt2-null zebrafish is a defect in fin generation. In addition, akt2-null zebrafish also exhibit impaired glucose homeostasis.
Materials and methods

Generation of akt2-null zebrafish
Disruption of akt2 in zebrafish was accomplished via CRISPR/Cas9 technology. Zebrafish akt2 sgRNA was designed using the tools provided on the website (http://crispr.mit.edu). The zebrafish-Codon-Optimized Cas9 plasmid (Liu et al., 2014) was digested with XbaI, and purified and transcribed using the T7 mMessage mMachine Kit (Ambion). pUC19-gRNA vector was used for amplifying the sgRNA template (Chang et al., 2013) . The primers for amplifying gRNA template are: 5′-GTAATAC GACTCACTATAGGAGTGGATACGTGCCATCCGTTTTAGAGCTAGAAATAGC-3′ and 5′-AAAAGCACCGACTCGGTGCC-3′. sgRNA was synthesized using the Transcript Aid T7 High Yield Transcription Kit (Fermentas).
Zebrafish (Danio rerio) strain AB was raised, maintained, reproduced, and staged according to standard protocol. Cas9 RNA and sgRNA were mixed and injected into embryos at the one-cell stage. Cas9 RNA and sgRNA were injected at 0.75-1.25 ng/per embryo and 0.075 ng/per embryo, respectively.
Mutant screening
After the injected embryos were incubated at 28.5°C for 24 h, genomic DNA was extracted from 20 to 30 embryos by heating the embryos at 94°C for 40 min in lysis solution (50 mM NaOH) (the reaction was terminated by adding 1 M Tris-HCl (pH = 8.0)). The mutant detection was followed by HMA (heteroduplex mobility assay), as described previously (Ota et al., 2013) . If the results were positive, the remainder embryos were raised up to adult and treated as F0, which were backcrossed with the wild-type zebrafish for generating F1. F1 zebrafish were genotyped by HMA initially and confirmed by sequencing of target sites. The F1 zebrafish harboring the 
mutations were backcrossed with the wild-type zebrafish to obtain F2. F2 adult zebrafish with the same genotype (+/−) were intercrossed to generate F3 offspring, which should contain wildtype (+/+), heterozygous (+/−), and homozygous (−/−). The primers for detecting mutants are listed in Table 1 . Two independent akt2 mutant lines were obtained (ihb504, ihb505).
Whole-mount in situ hybridization
The probe fragment of zebrafish akt2 (ENSDARG00000011219) was PCR amplified from the wild-type zebrafish cDNA and cloned into pTA-2 vector (Toyobo). The digoxigenin-labeled akt2 probe was synthesized using DIG RNA labeling mix (Roche) and T7/T3 RNA Polymerase. Whole-mount in situ hybridization staining was performed following the standard protocol. The procedure for the staining of other probes, including gh1and pomca, was the same as that for akt2. The primers for probe amplification are listed in Table 1 .
Semi-quantitative real-time PCR analysis
Total RNA was extracted using RNAiso Plus (TaKaRa) following the protocol provided by the manufacturer. cDNAs were synthesized using the Revert Aid First Strand cDNA Synthesis Kit (Fermentas). SYBR Green mix (Roche) was used for semi-quantitative RT-PCR assays. The primers are listed in Table 1 . Ef1a (eukaryotic translation elongation factor 1 alpha 1, like 1) was used as an internal control (McCurley and Callard, 2008) . ) transcripts from larvae at 5 dpf were detected by RT-PCR. MZakt2
−/− indicated maternal-zygotic mutants obtained from the offspring of homozygous intercrosses.
Insulin measurement
The pancreas-livers were homogenized in the buffer (10 mM TrisHCl, 0.1 mM EDTA, 10 mM sucrose, and 0.8% NaCl, pH 7.4) on ice, and then centrifuged at 3000 rpm for 15 min. Fish insulin ELISA assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used for insulin detection. Insulin was measured following the protocol provided by the manufacturer.
Transcriptome analysis
Total RNAs were extracted from akt2-null (ihb504) and wild-type zebrafish at the 10 dpf stage, and then sent to TGS Co., Ltd. (Shenzhen, China) for RNA-sequence analysis. The results of the gene expression ratio obtained from the RNA-sequence analysis were validated by semiquantitative real-time PCR assays. The primers used for the RT-PCR assays are listed in Table 1 . The heat maps were drawn using MeV v4.9 software.
Blood sugar measurement
A One Touch Ultra Glucose Meter (Life Scan) was used for measuring blood glucose. The whole blood collection was performed as described previously (Eames et al., 2010) . For the postprandial blood sugar measurement, zebrafish were fed for 15 min, and then were put into freshwater for 8 h. For the glucose tolerance test, D-glucose (Sigma) was dissolved in PBS buffer, and then injected into the abdominal cavity at a dosage of 1 mg per gram of body weight. After 4 h, blood sugar was measured.
Body weight and length measurement
The body weight of zebrafish was weighed after the body was dried by filter paper. The body length (cm) was measured from the anterior of the mouth to the posterior of the caudal fin.
Cartilage and bone staining
Zebrafish were fixed in 4% paraformaldehyde (dissolved in PBS) at 4°C overnight, and then were dehydrated in 100% MeOH for 24 h. The fixed zebrafish were incubated in cartilage staining solution (70 ml 100% MeOH, 30 ml acetic acid, 20 mg Alcian blue in 100 ml final volume) or bone staining solution (1 mg/ml alizarin red, 1% KOH) for 24 h at room temperature with mild agitation. They were then washed with saturated sodium borate solution for 9-12 h and incubated in bleaching solution (15 ml 3% hydrogen peroxide, 85 ml 1% potassium hydroxide in 100 ml final volume) for 20 min. The stained zebrafish were incubated in the digestion solution (35 ml saturated sodium borate, 65 ml ddH 2 O, 1 g trypsin in 100 ml final volume) at room temperature with mild agitation until the specimens became 60% clear. Finally, the specimens were observed and photographed using a dissection microscope (Leica M205FA).
Morphological phenotyping and genotyping
Zebrafish larvae with mixed genetic backgrounds (wildtype, heterozygous, and homozygous) were first photographed, and then genotyped individually by HMA.
Immunofluorescent staining
Adult zebrafish tissue was fixed in 4% PFA and the immunofluorescent staining was performed using polyclonal guinea pig antiinsulin antibody (Dako). The fluorescence signal was detected by an anti-guinea pig secondary antibody coupled to FITC. Images were taken under a confocal microscope equipped with an argon laser. . (C) The survival ratio of wild-type and maternal-zygotic mutants (akt2
) of adult zebrafish (1-month old). Akt2 +/+ and MZakt2 −/− larvae were obtained from akt2 +/+ × akt2 +/+ and akt2
, respectively; the parents of akt2 +/+ and akt2 −/− larvae were siblings obtained from akt2
); the number of zebrafish individuals were counted after the larvae were independently fed for one month. (D) The survival of akt2
+/+ and MZakt2 −/− zebrafish from 6 dpf to 18 dpf. ) larvae (5 dpf) was indistinguishable from that of their wildtype siblings, as revealed by gh1 staining. (I-J) At 10 dpf, the mRNA level of gh1, pomca, sst1.2, sst2 and sst3 in MZakt2 −/− mutants compared to wild-type siblings.
Statistical analysis
Statistical analysis for death ratio was performed using Microsoft Excel 2007 (Microsoft Software, Inc.). Other statistical analyses were performed using GraphPad Prism 5 (unpaired t-test) (GraphPad Software, Inc.).
Results
Akt2 is evolutionarily conserved and maternally expressed in zebrafish
After searching the Ensembl database (http://www.ensembl.org), we found that there were two transcripts for the zebrafish akt2 gene.
Their products only exhibited a 19-amino acid difference in the catalytic domain (Fig. 1A) . Akt2 was evolutionarily conserved and exhibited N85% amino acid sequence identity among zebrafish, mouse, and human (Fig. 1A) . In situ hybridization assays revealed that akt2 was maternally expressed (Fig. 1B) , but it was highly expressed in kidney and ovary at adulthood, as revealed by semi-quantitative RT-PCR assays (Fig. 1C) . To disrupt the two transcripts of akt2 gene in zebrafish, we designed a sgRNA targeting the boundary between exon 5 and intron 5 (Fig. 1D) . After micro-injecting the synthesized sgRNA and Cas9 mRNA into one-cell stage embryos, we initially employed HMA (Heteroduplex mobility assay) to examine the efficiency of sgRNA/Cas9-mediated akt2 disruption in F0 generation (Fig. 1E) , and then conducted sequencing confirmation in F1 generation. After screening, we obtained two mutants in the akt2 gene (thereafter designated as akt2 ihb504 and akt2 ihb505 , respectively) (Fig. 1F ). In these two mutants, two truncated short peptides were produced, which were in front of the catalytic domain ( Fig. 1D and F) . Thus, two transcripts of zebrafish akt2 gene were completely disrupted in both akt2 ihb504 and akt2 ihb505 (Fig. 1F) . Semiquantitative real-time PCR analysis indicated that akt2 mRNA was largely reduced in akt2-null zebrafish (Fig. 1G) , which suggested that akt2 was disrupted effectively. ) was much lower than that of its wildtype siblings (akt2 +/+ ) (1:43) (Fig. 2A) . The number of wildtype zebrafish was determined by Mendel's ratio (1:2:1) strictly ( Fig. 2A) . This data suggested that disruption of akt2 caused partial lethality in zebrafish embryos. To further confirm the effect of akt2 on the survival of zebrafish, we crossed akt2 −/− (akt2 ihb504/ihb504 ) to
Akt2 is required for zebrafish survival
), and found that the number of akt2 −/− embryos was much lower than that of half of akt2 +/− embryos. Moreover, to examine the effect of akt2 on the survival of adult zebrafish, we made akt2 +/+ × akt2 +/+ and akt2 −/− × akt2 −/− (these zebrafish were siblings), and countered the number of offspring after being fed for one month independently. The death ratio of akt2 −/− was much higher than that of akt2 +/+ (Fig. 2C) . Furthermore, we set up a set of mating (akt2 +/+ × akt2 +/+ and akt2 −/− × akt2 −/− ) simultaneously and count the number of their offspring from 6 dpf to 18 dpf. As shown in Fig. 2D , the most of akt2 −/− larvae died from 10 dpf to 15 dpf compared to the wildtype larvae, and a partial akt2 −/− larvae could survive. Taken together, these data suggest that akt2 is required for the survival of zebrafish.
Akt2 is essential for zebrafish growth
In the embryogenic stage, the general morphology akt2 −/− was indistinguishable from akt2 +/+ (Fig. 3A) . In the larval stage (up to 7 dpf), the growth rate of akt2 −/− was also quite similar to that of akt2 +/− (Fig. 3B) . With gradual development, however, the difference in body size between akt2 −/− and akt2 +/− became increasingly obvious (Fig. 3C) . Consistently, the difference in body size and weight was also significant between akt2 −/− and akt2 +/+ (Fig. 3D-F) . As reported previously, the defect in pituitary development constitutes one of the major reasons for severe dwarfism in zebrafish (Nica et al., 2004) . To determine whether disruption of akt2 in zebrafish could affect pituitary development, we examined pomca and gh1 expression via whole mount in situ hybridization assay. As shown in Fig. 3G and H, the shape and size of the pituitary gland was not affected by targeted disruption of akt2. Subsequently, we measured the mRNA level of gh1 and pomca in akt2 −/− and akt2 +/+ at 10 dpf. gh1 expression was no difference between akt2 −/− and akt2 +/+ , but pomca expression was increase in akt2 −/− larvae (Fig. 3I) . Moreover, expressions of sst1.2, sst2 and sst3, three genes can alter growth directly or indirectly (Klein and Sheridan, 2008) , were increased in akt2 −/− larvae (10 dpf) compared with akt2 +/+ larvae (10 dpf) (Fig. 3J ). These data indicate that akt2 is essential for zebrafish growth via direct or indirect ways, but is not required for early development of the pituitary gland.
Akt2 is essential for zebrafish fin ray development
Defects, including shorter protrusions, aberrant extension, and reduced number of segments of fin rays in pectoral fin, dorsal fin, canal fin and caudal fin, were observed in the early developmental stage of akt2 −/− mutants (Figs. 3D and 4A) . In adult zebrafish, akt2 −/− mutants continuously displayed defects in fin development (Fig. 4B and C) . To obtain a clearer understanding of deficient fin development in akt2
−/− mutants, we conducted Alcian blue staining for cartilage. As shown in Fig. 4D , the joint between the muscle and dorsal fin or anal fin, and the connection between the caudal fin and the spine were normal in akt2 −/− mutants compared with their wildtype siblings, which implicated that cartilage development was not affected by akt2 disruption. Subsequently, we examined whether bone of caudal fin was affected by akt2 disruption using Alizarin red staining. As shown in Fig. 4E , the shape of fin rays, including caliber, length and divergence, were not uniform in akt2 −/− mutant. In addition, the disassociation between two fin rays were incomplete (Fig. 4E) . Therefore, the deficient fin ray development exhibited in akt2 −/− mutants might result from deficiency in osteogenesis.
Akt2 is essential for zebrafish glucose homeostasis
As the role of akt2 in glucose homeostasis has been widely reported in mouse models (Cho et al., 2001a) , we intended to determine whether akt2 has a similar function in a zebrafish model. As shown in Fig. 5A , targeted disruption of akt2 in zebrafish had no effect on the early development of pancreas, as assessed by insulin and trypsin staining. However, under both full feeding and glucose injection conditions, blood glucose concentration in akt2 −/− mutants was higher than that of their wildtype siblings, which suggested that akt2 also played a critical role in zebrafish glucose homeostasis. To further determine whether high blood glucose concentration in akt2 −/− mutants resulted from insulin resistance, similar to that demonstrated in mouse models (Cho et al., 2001a) , we examined mRNA level and protein level of insulin in akt2 −/− mutants and their wildtype siblings. In contrast to that observed in akt2-null mice, the mRNA and protein level of insulin in akt2 −/− liver was much lower than that of their wildtype siblings in both fully fed and fasting conditions ( Fig.  5D-F) . The lower protein level of insulin in akt2 −/− pancreas was also confirmed by Immunofluorescent staining (Fig. 5H ). In addition, glut1 expression was also decreased in akt2 +/− and akt2 −/− embryos (5 dpf) compared with their wildtype siblings (Fig. 5G ). These data suggest that disruption of akt2 in zebrafish causes a defect in glucose homeostasis, which might function through a different mechanism other than that in akt2-null mice.
Targeted disruption of akt2 in zebrafish affects expression of genes involved in metabolism and osteogenesis
To elucidate the mechanisms of disruption of akt2 in affecting zebrafish development and glucose homeostasis, we conducted transcriptome analysis for the larval stage (10 dpf). As shown in Fig. 6A , 7493 genes were differentially expressed between akt2 −/− mutants and their wild-type siblings; 1343 genes were down-regulated, and 6150 genes were up-regulated in akt2 −/− mutants. The regulation of some genes was validated via semi-quantitative real-time PCR assays (Fig. 6B) . Among differential expression genes, some genes involved in metabolic pathways, including the insulin signaling pathway, were affected after akt2 disruption (Fig. 6C) . Furthermore, some genes involved −/− mutants (3-months old; n = 5) was higher than that of their wildtype siblings (3-months old; n = 5) after being fully fed. Zebrafish were fully fed for 15 min, and blood glucose concentration was measured after 8 h. (C) Blood glucose concentration of MZakt2 −/− mutants (3-months old; n = 3) was higher than that of their wildtype siblings (3-months old; n = 3) after intraperitoneal injection with glucose solution.
Zebrafish were intraperitoneally injected with glucose solution, and blood glucose concentration was measured after 4 h. (D) The mRNA level of insulin in MZakt2 −/− mutants (3-months old; n = 6) was much lower than that of their wildtype siblings after being fully fed. Zebrafish were fully fed for 15 min, and total RNA was extracted from heart, muscle, and liver (ventral lobe) after 4 h. (E) The mRNA level of insulin in MZakt2 −/− mutants (3-months old; n = 6) was much lower than that of their wildtype siblings after fasting for 2 d. (F)
The protein level of insulin in the liver-pancreas of MZakt2 −/− mutants (3-months old; n = 6) was lower than that of their wildtype siblings after being fully fed. Zebrafish were fully fed for 15 min, and protein was extracted from the liver-pancreas after 4 h and detected via the ELISA method. ; the magnification of images is the same.
in osteogenesis, including the calcium signaling pathway, and other factor-regulated calcium re-absorption and apoptosis pathways were also affected after akt2 knockout (Fig. 6D) . Therefore, the influence of akt2 knockout on zebrafish development and glucose homeostasis might result from disruption of the roles of akt2 in metabolism and osteogenesis.
Discussion
The role of akt2 in zebrafish has been investigated previously by morpholino-mediated knockdown techniques (Jensen et al., 2010) . The akt2 morphants exhibit increased neuronal apoptosis, impaired glucose uptake, and death by 72 h post-fertilization, which is similar to observations in glut1 morphants (Jensen et al., 2006; Jensen et al., 2010) . Due to the short-term effect of morpholino-mediated gene knockdown, the role of akt2 in adult zebrafish is still largely unknown. In this study, we knocked-out akt2 and examined phenotypes exhibited in adult akt2-null zebrafish. Even though disruption of akt2 via CRISPR/Cas9 techniques caused severe death, general morphology of akt2-null embryos were indistinguishable from their wildtype siblings and some of them could still survive to sexual maturation and had reproductive ability. In addition, growth retardation, deficiency in fin ray development, and impaired glucose homeostasis were exhibited in akt2-null zebrafish.
In akt2-knockout mice, including akt2 single knockout mice and akt2/akt3 double knockout mice, impaired glucose homeostasis was exhibited (Cho et al., 2001a; Dummler et al., 2006; Garofalo et al., 2003; Sakamoto et al., 2006; Yang et al., 2005) . Given that akt2 expresses at a higher level in insulin-responsive tissues compared to those of akt1 and akt3, the essential role of akt2 in glucose homeostasis has been validated via in vivo mouse models (Cho et al., 2001a; Cho et al., 2001b; Liu et al., 2014; Yang et al., 2005) . In akt2-null zebrafish, we also found higher blood glucose compared to that of their wildtype siblings. However, the insulin level in akt2-null zebrafish was lower than that of their wildtype siblings, which was different from observations in akt2-null mice. The mice deficient in akt2 have higher serum insulin, but are impaired in the ability of insulin to lower blood glucose. Although these factors in akt2-null mice constitute typical symptoms of type II diabetes (Lawlor and Alessi, 2001) , it seems that akt2-null zebrafish actually exhibit typical symptoms of type I diabetes.
Notably, in early embryogenesis, the shape and size of the pancreas in akt2-null embryos is the same as that of their wildtype siblings. However, in the adults of akt2-null zebrafish, the expression of insulin was lower than that of their wildtype siblings. Therefore, disruption of akt2 in zebrafish might not affect early development of pancreas, but had an impact on insulin expression or later development of pancreas. Of note, it appeared that an inconsistence existed between the reduction of mRNA level and the reduction of protein level (40-60 fold versus 2.5 fold) in akt2
. This data might implicate that there is an unknown mechanism for controlling the translation efficiency of insulin mRNA to protein in akt2 −/− zebrafish, which is worth to be further investigated. Understanding the mechanism through which akt2 regulates insulin expression or later development of pancreas will provide novel insight for elucidating the role of akt2 in type I diabetes and pancreas development and differentiation. Since akt2 morphants resemble glut1 morphants and exhibit a lower level of glut1 expression, we intended to examine glut1 expression in akt2-null zebrafish, as well as their wildtype siblings. Consistent with that in akt2 morphants, akt2 null zebrafish also exhibited lower expression of glut1. Therefore, zebrafish akt2 might affect glucose homeostasis via regulation of glut1 expression. Actually, targeted disruption of akt2 in mice has no effect on the expression of glut4, the insulin-responsive glucose transporter (Cho et al., 2001a) , further suggesting that akt2 affects glucose homeostasis through different mechanisms between mice and zebrafish. Transcriptome analysis indicated that the genes involved in the insulin signaling pathway, the mTOR signaling pathway, glycerolipid metabolism, fat digestion and absorption, fatty acid metabolism, and glycolysis/gluconeogenesis were affected by akt2 knockout. These data suggest a critical role of akt2 in zebrafish metabolism. Of course, these differences in glucose metabolism between akt2 +/ + × akt2 −/− zebrafish might result from retarded growth of akt2
zebrafish. To find a feasible normalization way will help to resolve this concern.
In contrast to akt2-null mice, a high death ratio was observed in akt2-null zebrafish, regardless of whether offspring were reproduced via different cross-breeding (akt2
). The mechanisms underlying the role of akt2 in survival remain obscure. The fact that knockdown of akt2 in zebrafish embryos via morpholinos resulted in 100% embryonic lethality suggests an important function of akt2 for embryonic survival in early embryogenesis. It seems that once the homozygous embryos passed one stage in early embryogenesis, they could survive to sexual maturation. Further identifying the specific stage that is critical for the survival of akt2-null embryos will help to elucidate the mechanisms of akt2 in early embryogenesis.
After akt2 was disrupted, gh1 expression was not affected, but, pomca expression was up-regulated. Of note, in RNA-seq data, the growth hormone receptor a (ghra) expression was up-regulated, the growth hormone receptor b (ghrb) expression was unchanged in akt2-null zebrafish larvae. These data implicate complicated signaling pathways governing zebrafish growth. Akt2 has essential roles on these multiple pathways, resulted in dwarfism when akt2 is disrupted. Notably, expressions of their somatostatin genes (sst1.2, sst2 and sst3),which can inhibit growth hormone release at the pituitary, decrease hepatic GH sensitivity and reduce plasma IGF-I levels (Klein and Sheridan, 2008) , were up-regulated in akt2-null zebrafish, suggesting a possible reason for explaining the role of akt2 in controlling zebrafish growth.
The most unique phenotypes exhibited in akt2-null zebrafish were their deficient fin ray development. From 21 dpf to adulthood, akt-null zebrafish displayed shorter protrusions, aberrant extensions, and a reduced number of segments of fin rays in pectoral fin, dorsal fin, canal fin, and caudal fin. Intriguingly, cartilage development was not affected by akt2 disruption, however, bone formation of caudal was indeed affected when akt2 was disrupted, which might eventually cause fin deficiency. Further transcriptome analysis showed that the genes involved in the calcium signaling pathway and osteoclast differentiation were affected by akt2 disruption. These data suggest that akt2 plays an important function in ossification. However, no bone deficiency was observed in akt2-single knockout mice (Cho et al., 2001a; McCurdy and Cartee, 2005; Sakamoto et al., 2006) . But, akt1/akt2-double knockout mice delayed bone development resulted from deficiency in ossification (Peng et al., 2003) . In addition, akt2 was identified as a mediator of IGF-regulated osteogenesis (Mukherjee et al., 2010) , as well as a mediator of IL-6 negatively-regulated osteoblast differentiation (Kaneshiro et al., 2014) . These data support the role of akt2 in bone development. Probably, due to the more obvious redundant role of akt isoforms in mice compared to that in zebrafish, only disruption of akt2 in mice has less effect on bone development. Based on the zebrafish model, we provide evidence to support the critical role of akt2 in ossification.
Another unique phenotype exhibited in akt2-null zebrafish were higher mortality rate particularly at embryonic and larval stage. Actually, the reason why disruption of akt2 causes death is still a mystery. Deficiency of growth, glucose homoeostasis and osteogenesis may not explain the early death in akt2-null zebrafish, but may amplify this kind of death effect. To further figure out the role and the underlying mechanism of akt2 in controlling survival of zebrafish will expand our knowledge about akt2.
Conclusion
Zebrafish akt2 is required for survival, growth, bone development, and glucose homeostasis.
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